Low-barrier or short, strong hydrogen bonds have been proposed to contribute 10 to 20 kilocalories per mole to transition-state stabilization in enzymatic catalysis. The proposal invokes a large increase in hydrogen bond energy when the PKa values of the donor and acceptor (where Ka is the acid constant) become matched in the transition state (APKa = 0). This hypothesis was tested by investigating the energetics of hydrogen bonds as a function of APKa for homologous series of compounds under nonaqueous conditions that are conducive to the formation of low-barrier hydrogen bonds. In all cases, there was a linear correlation between the increase in hydrogen-bond energy and the decrease in ApKa, as expected from simple electrostatic effects. However, no additional energetic contribution to the hydrogen bond was observed at APKa = 0. These results and those of other model studies suggest alternative mechanisms by which hydrogen bonds can contribute to enzymatic catalysis, in accord with conventional electrostatic considerations.
Enzymes can achieve enormous rate enhancements, which often require >20 kcal/ mol of transition-state stabilization. Recent proposals to account for these large energies have invoked low-barrier hydrogen bonds [LBHBs (1)] (2, 3). An example of this hypothesis, showing enzymatic catalysis by an LBHB in the mandelate racemase reaction, is presented in Fig. 1 . It was proposed that an LBHB is formed when the pK. of the enolate hydroxyl in the enolic transition state becomes matched with that of Glu317 on the enzyme, which stabilizes the transition state by -20 kcal/mol; in contrast, the pK, of the carboxyl proton in the ground state is not matched with that of Glu3 7, so that the ground state would be stabilized by only 1 to 5 kcal/mol from a normal H bond (2, 3) . LBHBs have also been proposed to provide a large fraction of the catalytic power for many other enzymes, including triose phosphate isomerase, ribonucleases, enolase, aconitase, and citrate synthase (2, 3) . The observation of a highly deshielded proton (8H =: 18 parts per million) between His57 and Asp'02 in the catalytic triad of trypsin and chymotrypsin and the isotope effect on this chemical shift (8H -6[) = 1.0 ppm) have been suggested as evidence for an LBHB that contributes to catalysis by serine proteases (4) .
The concept of LBHBs originated from the large formation energy of FH .* *F-in the gas phase [-40 kcallmol (5, 6) ] and its short bond length [2.26 A (7) ] in the solid state.
Low isotope fractionation factors (0.5 to 1.0) and anomalous spectroscopic properties, such as highly downfield proton chemical shifts (16 to 22 ppm) and inverse isotope effects on proton chemical shifts and infrared vibrational frequencies, have been observed for a number of H bonds in organic solvents, including phthalate and maleate monoanions, proton sponges, and cyclic diamines (7) . It has been suggested that when an H bond is formed between groups with similar pK.,'s, orbital overlap takes place between their matched energy states, which results in a bond that has partial covalent character and unusual spectroscopic properties (7) (8) (9) (10) . This partial covalent character could provide an additional energetic contribution to the strength of an LBHB (2) (3) (4) (7) (8) (9) (10) . As (12, 14) . However, the studies cited above were not carried out to test the energetics of LBHBs and thus do not provide conclusive evidence against the LBHB proposal. LBHBs do not appear to form in aqueous solution (2, 3, 7, 10) , and the gas-phase and organic-solvent studies either lacked a data point for an H bond with perfectly matched donor and acceptor pK 's or used compounds that do not represent a homologous series.
We therefore systematically investigated H-bond energy as a function of ApKl for a series of substituted phthalate monoanions (X-PAs; Scheme 1) in dimethyl sulfoxide (DMSO) . The H bond between the adjacent carboxyl groups of PA-has been considered to be an example of an LBHB (7, 10) on the basis of the 21-ppm chemical shift of the H-bonded proton, the negative 0 2)2 (1 y = 4-NO2 or 3,4-(NO2)2 (1) were measured spectrophotometrically (23) ( (12, 14, 26) and in the gas phase (5, 13 (2) (1 1, 27 (28) . However, the increase is not dependent on the matching of the pKa's of the donor and acceptor, contrary to the prediction from the LBHB hypothesis; rather, it depends solely on the magnitude of the change in ApKa.
Another prediction from the electrostatic model is that EH will increase with decreasing dielectric of the media (29). This prediction is supported by the observation that H-bond energy generally increases as Table 2 . Determination of H-bond energy in substituted phthalate monoanions from PKa measurements in DMSO. Values of pK1 obs, pK1' int, and ApKa were obtained as described in (17), (18), and (45), respectively. Values of log KfB were calculated from log (KObs/KWnt) = (pK,,in t-pK.bs), derived from Scheme 1. Values of -AGfB were calculated from AGfB = -RT In fB, where R is the gas constant (1.987 cal mol1 K-1) and T is temperature in kelvin (298 K). the environment changes from water to organic solvents or to the gas phase (5, 6, (12) (13) (14) 26 This inference is consistent with the observation that the formation of both symmetrical and asymmetrical ionic H-bonded species is highly favorable in the gas phase and that the formation of neutral H-bonded species is much less favorable (5, 6, 13) . Further, if all other factors are equal, the H-bonded species itself is presumably more stable in water than in nonpolar media because the H bond is polar I0 1 2 3 4 5 ApKa (KHB > 1) (32) . In addition, to lessen charge separation in nonpolar media, it is possible that the H-bonded proton may become more equally shared between the heteroatoms. Such a rearrangement could give rise to the unusual spectroscopic properties of H bonds in nonpolar media. Thus, the observed unusual spectroscopic properties of certain enzymatic H bonds (4, 33) may be a manifestation of the low dielectric of the enzymatic interior, and not a reflection of unusual energetic properties of LBHBs (34) .
Our results provide no indication that LBHBs provide a special energetic contribution to enzymatic catalysis. In that case, how do H bonds contribute to enzymatic catalysis? Several possibilities are suggested by this and other model studies; the suggestions parallel several previous proposals (30, 31) . For a given electronic rearrangement as a reaction proceeds from the ground state to the transition state, Table 3 . Formation constants (Kf) of H-bonded complexes of substituted phenols (X-4OHs) with 3,4-dinitrophenolate [3, (38, 39) . Each PKa in Table 2 was measured with two different indicators whose pKa's bracketed that of the compound of interest. The pKa's below 6 were also confirmed by measurement of self-dissociation of the acid (40) . Values are reported as mean + 2 SD.
18. The intrinsic pKa (pKa. int) represents the pKa of the carboxylic acid expected in the absence of H bonding. For PA, this value was obtained in two ways: from the PKa of the monomethyl ester of PA (9.60 ± 0.01) and from the pK, of terephthalic acid (9.80 ± 0.06), in which the two carboxylic acid groups are para to one another instead of ortho. (The PKa of PA monomethyl ester has been statistically corrected for comparison with the two ionizable carboxylic acid groups in the phthalic acids.) In both cases, the neighboring H-bond donor is removed and replaced by a substituent that is expected to have a similar effect on the acidity of the carboxylic acid but cannot form an H bond with the carboxylate. For substituted PAs (X-PAs), the first deprotonation can be from the carboxylic acid either para or meta to the substituent. The pKa. int value for each of the X-PA carboxylic acid groups was calculated from pKa int(X-PA) = pKa int(PA) -Pox, meta orpara (4) where a is the Hammett constant describing the electron-withdrawing ability of benzyl substituents, p is the slope of the linear dependence of PKa on the cr values of the substituents for a homologous series of compounds, and "X, meta or para" refers to the substituent in either meta or para position (the lower of the two calculated values reflects the group that will be deprotonated first). Values (11, 12) ( Fig. 3) . This limitation is eliminated in the phenolphenolate series (Table 3 and Fig. 3 (log 2) in the reported log Kf values; this does not affect the conclusion concerning whether there is a deviation at APKa = 0, nor does it change the slopes in Fig. 3 significantly (41).
24. The AGf values represent free energy of complexation, which includes processes other than H bonding. However, because we used a homologous series of compounds, effects from other factors involved in complexation are expected to be constant and not to perturb the dependence on APKa (that is, the slope). Analogous considerations hold for the intramolecular H bonds in substituted PAs.
25. S. Scheiner and T. Kar, J. Am. Chem. Soc. 117, 6970(1995 . Analysis of these spectra can be complicated by proton transfer between added phenol and the nitrophenolate, which depletes the total amount of nitrophenolate available for H bonding and causes spectral shift of the nitrophenolate beyond that from H bonding. To avoid this problem, we used phenols whose PKa values were considerably higher than those of the nitrophenolate, the proton acceptor. However, at high phenol concentrations, phenol can self-associate and lose a proton to give the phenol-phenolate complex, thereby allowing protonation of the nitrophenolate. For this reason, K, values were only obtained in the region ApKwater > 2, where the proton transfers occur at much higher phenol concentrations than are required for complex formation with the nitrophenolate. Control experiments with sterically hindered phenols (2,6-di-tertbutylphenol and 2,6-di-tert-butyl-4-nitrophenol) did not produce the spectral shift described in (23) Chem. Soc. 107, 6975 (1985) . 44. Isotope fractionation factors (the D/H isotopic ratio for the H-bonded proton relative to the ratio for the water protons) were measured by 1 H nuclear magnetic resonance (NMR) spectroscopy. A small amount (-0.2 to 0.3%) of a D20/H20 mixture was added to 0.2 M PA-solutions in DMSO. The deuterons in the added isotope-containing water were allowed to exchange and reach equilibrium with the COOH protons. The slowly exchanging water and PA-proton peaks were integrated and normalized to that of the nonexchangeable benzylic protons.
The ratio of the two normalized peak areas, in comparison with that in a control sample where the same amount of H20 was added, yielded the fractionation factors [M. Saunders, S. Saunders, C. Johnson, J. Am. Chem. Soc. 106, 3098 (1984) ]. To improve the accuracy of data, we performed multiple measurements using different D20/H20 ratios (1/9 -9/1). (5), alterations in transepithelial fluid balance (6) , and local villus ischemia leading to vascular damage and diarrhea (7) . These mechanisms do not explain cases of rotavirus-induced diarrhea observed before, or in the absence of, histopathologic changes (4, 8) .
While making an antiserum to a nonstructural glycoprotein, NSP4, we made the fortuitous discovery that intraperitoneal (ip) delivery of purified NSP4 induces diarrhea in a mouse model (Fig. 1) . Whether administration was ip or intraileal (il), diarrhea was observed within 1 to 4 hours after inoculation. It typically continued for up to 8 hours, but occasionally persisted for 24 hours (9) . Purified NSP4 (0.1 to 5 nmol) was administered by the ip route to CD1 mouse pups 6 to 7 and 8 to 9 days old. No diarrhea was induced with 0.1 nmol of pro-SCIENCE * VOL. 272 * 5 APRIL 1996 tein in the 8-to 9-day-old mice, whereas 60% of the 6-to 7-day-old pups had diarrhea. Intraperitoneal administration of 1 nmol of NSP4 resulted in diarrhea in 100% of the 6-to 7-day-old mice, and in 60% of the older animals. Intraileal delivery of 0.5 nmol of protein induced diarrhea in 100% of the young (8 to 9 days) mice, whereas no diarrhea was observed in the 17-to 18-dayold pups. Thus, the response to NSP4 was age-and dose-dependent in CD1 pups. In addition, the induction of diarrhea by NSP4 was specific, as administration of the same concentration of purified rotavirus VP6 or the same volume of buffer had no effect (Fig. 1) . Intramuscular (im) inoculation of 1 nmol of purified NSP4 produced no ill effects (10) .
We next tested the effect of a synthetic peptide corresponding to NSP4 residues 114 to 135 (NSP4 114-135) delivered by the ip or il route to mice of different ages ( Fig. 2) (9, 11) . Diarrhea was observed in the 6-to 7-day-old mice within 1 to 3 hours after inoculation [60% (ip), 71% (il)], whereas diarrhea was not seen in animals older than 11 days, even when a two-or fourfold greater dose of peptide was administered ip (Fig. 2) . Intraileal delivery of the peptide to pups 11 to 12 or 17 to 18 days old caused diarrhea in 25 or 0% of the animals, respectively. These data indicate an increased sensitivity to the peptide when delivered directly into the lumen of the intestine, and reveal an age-dependent disease response to the NSP4 114-135 peptide that is similar to that seen in natural rotavirus infections or after inoculation of purified NSP4. Regardless of the dose or the route of administration of the peptide, the kinetics of diarrhea induction were similar to those observed with purified NSP4. However, as compared with NSP4, the effective dose of NSP4 114-135 peptide was considerably
